The density of sodium channels in premyelinated axons was estimated from measurements of the binding of [3H]saxitoxin to neonatal rat optic nerve. The maximum saturable binding capacity of the nerve was 16.2 ± 1.2 fmol/mg of wet weight, with an equilibrium dissociation constant of 0.88 ± 0.18 nM (mean ± SEM). These values correspond to a high-affinity saxitoxin-binding site density of -2/,um2 within premyelinated axon membrane. Action potential propagation in neonatal rat optic nerve is completely blocked by 5 nM saxitoxin, indicating that action potential electrogenesis is mediated by channels that correspond to high-affinity saxitoxin-binding sites. These results demonstrate that action potential conduction is supported by a low density of sodium channels in this system. Since the internodal axon membrane of myelinated fibers may contain a low density of sodium channels, it is possible that restoration of conduction in some demyelinated fibers may not require additional sodium channel incorporation into the demyelinated axon membrane.
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It is now well established that voltage-gated sodium channels mediate the inward current that underlies the action potential in most axons (1) (2) (3) . Mammalian myelinated axons display a nonuniform distribution of sodium channels, which are clustered in high density in the axon membrane at the node of Ranvier but are present in very much lower density in the internodal axon membrane beneath the myelin sheath (4, 5) . Inexcitability of the internodal axon contributes to the conduction failure that is seen in demyelinated fibers (4, 6) . However, there is evidence that, after demyelination, continuous conduction does develop along some axons (7, 8) . Indeed, morphological studies suggest that the (formerly) internodal axon membrane may reorganize after demyelination so as to develop electrical excitability (9) (10) (11) .
As part of an effort to understand the mechanisms that underlie action potential conduction both in myelinated fibers and in axons that lack myelin, we have examined the development of conduction as axons develop from premyelinated axons (which lack myelin sheaths) into mature myelinated fibers. The rat optic nerve provides an especially tractable system in which to study axon membrane development of premyelinated fibers, since in the neonatal optic nerve none of the axons have yet acquired myelin sheaths, whereas in the adult virtually all the fibers are myelinated (12, 13) . Previous studies have examined the morphology of the developing optic nerve (14) (15) (16) and have demonstrated action potential electrogenesis, mediated by sodium channels, in axons of the neonatal optic nerve prior to ensheathment by myelin-forming oligodendrocytes (13) . However, although the sodium channel density in adult optic nerve has been estimated in saxitoxin (STX)-binding studies (17) , the sodium channel density in developing optic nerve prior to myelination has not been studied. Moreover, the possibility of STX-insensitive sodium channels (which have been observed in some developing systems; ref. 18) has not been examined. In the present study, we used [3H]STX, a ligand that binds in a 1:1 stoichiometry to sodium channels (19) , to estimate the density of STX-sensitive sodium channels in premyelinated fibers in neonatal rat optic nerve. We also examined action potential conduction after exposure to low concentrations of STX to determine whether STX-insensitive channels contribute to action potential electrogenesis in this system.
The For STX-binding studies, two groups of optic nerves were pooled from 110 and 62 neonatal (<2 days) rats, respectively. The rats were anesthetized by exposure to 100% C02, decapitated, and their optic nerves were rapidly excised =1 mm distal (relative to the retina) to the globe and just proximal to the chiasma. The nerves were kept on ice while the dissection proceeded and then were weighed. The lengths of 16 of these optic nerves were measured prior to weighing, yielding a wet weight per millimeter of optic nerve length. Following weight determination, rat optic nerves were gently homogenized in a Duall glass homogenizer.
[3H]STX binding to the homogenate was then determined in triplicate at each of a variety of concentrations (19 (21) . The uptakes were then fitted to the sum of a rectangular hyperbolic component, representing specific uptake by the sodium channels, and a linear nonspecific component. Curves were fitted using a least-squares Patternsearph procedure (22 Conduction properties of neonatal (0-2 day old) rat optic nerves were studied by using in vitro electrophysiological techniques. The optic nerves were carefully removed and placed in a submersion-type brain-slice chamber maintained at 350C. An insulated tungsten microelectrode was positioned in the nerve for stimulation, and glass electrodes filled with 3.0 M NaCl were used to obtain field potential recordings of the compound action potential. Details of electrophysiological techniques have been described (24) .
RESULTS
In optic nerves from neonatal (<2 day) rats, all axons are premyelinated (Fig. 1) . The axons are termed premyelinated because, by adulthood, virtually all rat optic nerve axons will acquire myelin sheaths (13 (27) . Relatively few glial cells are present at this age, and the processes from these cells are generally oriented perpendicular to the axons. In the 2-day-old optic nerve, glial ensheath- A field potential recording corresponding to propagated action potential activity in neonatal rat optic nerve is shown in Fig. 3A . The action potential was completely blocked by application of 5 nM STX (Fig. 3B) . A partial recovery of the response was observed following reintroduction of normal Krebs' solution (Fig. 3C) considerably lower than that found previously for most other nonmyelinated axons (Table 1) , and (ii) that these highaffinity STX-binding sites correspond to the sodium channels that mediate conduction in these axons. (23) . Thus, the value of about 2 binding sites per ,um2 for neonatal optic nerve is unlikely to be artifactually small. For the calculations of the sodium channel density within premyelinated axon membrane, the binding of [3H]STX to glial membranes is considered negligible. However, cultured rat astrocytes are estimated to have about 10 sodium channels per Am2 (33) . If the immature glial cells within neonatal rat optic nerve were to possess this density of sodium channels, then, given the surface density of glial membrane It is unlikely that all of the STX-binding sites are on glial membranes, since conduction of action potentials is mediated by STX-sensitive sodium channels in the neonatal rat optic nerve. In any case, the presence of STX-binding sites on glia would lead to a lower, rather than higher, estimate for axon membrane sodium channel density.
Since previous studies have characterized the freezefracture ultrastructure of the axon membrane within rat optic nerve at various stages of development (14, 15) , it is possible to compare the distribution of intramembranous particles (IMPs) with the density of [3H]STX binding sites. It has been suggested that, in frog olfactory axons, some P-face particles with a 11.5-to 14. (14) . These observations, therefore, do not support a 1:1 correlation between IMPs in any simple size class and sodium channels. This finding is not totally unexpected, since the axon membrane must contain a variety of channels, pumps, and other intramembranous proteins. For example, it has been shown that potassium channels, sensitive to 4-aminopyridine, contribute to action potential electrogenesis in neonatal rat optic nerve (13) .
The finding of a low sodium channel density in neonatal rat optic nerve was especially surprising in view of previous studies (13) that demonstrated conduction of action potentials with a conduction velocity at 37TC of about 0.2 m/sec in axons of neonatal rat optic nerve. These earlier studies showed that the action potential is abolished by 1 gM tetrodotoxin and by replacement of bath sodium with the impermeant cation Tris. Moreover, there is no evidence of calcium conductance along axon shafts in the neonatal rat optic nerve (13) . In the present study, we demonstrate that action potential conduction in neonatal -rat optic nerve is blocked by 5 nM STX. This is close to the value predicted, on the basis of the dissociation constant demonstrated in our binding experiments (0.88 nM), to block conduction. Thus, it is unlikely that STX-insensitive sodium channels (18) contribute to action potential electrogenesis in neonatal optic nerve. We conclude that STX-sensitive sodium channels, although present in small numbers, support conduction of action potentials along these neonatal premyelinated axons.
Conduction velocity in the immature rat optic nerve increases prior to myelination; it nearly doubles between 0 and 8 days postnatal (13) . During this period, the increase in axonal diameter is sufficient to account for only a 20% increase in conduction velocity. These results from optic nerve, together with data from developing peripheral nerve (35) (39) has suggested that, in a 0.6-,um diameter fiber with an input resistance of 1.3 x 108 ft, the opening of two sodium channels should depolarize the fiber to threshold. In the smaller fibers of the neonatal rat optic nerve with a nearly 5-fold greater input resistance, the opening of a very small number of sodium channels may well lead to a regenerative action potential. On the assumption that sodium channels are randomly deployed at a density of 2/Am2 along premyelinated axons with a mean diameter of -0.2 ,um, the average spacing between sodium channels measured along the length of the fiber should be about 0.8 pum. Since action potentials are conducted along the neonatal rat optic nerve at 0.2 m/sec at 37TC (13) , it would be expected that sodiurh channels would be excited at intervals of about 4 Asec. This interchannel conduction time is only 5-fold lower than the internodal conduction time for transmission of the action potential from one node of'Ranvier to the next in mammalian myelinated fibers (40) . The relatively low sodium channel density in these fibers suggests that channels are activated sequentially in relative spatial isolation from each other, with the action potential moving along the fibers by microsaltatory conduction.
The present results may have important implications for recovery of conduction after demyelination (4, 6) . It has been demonstrated that conduction can proceed through demyelinated fibers if there is a sufficient density of sodium channels in the demyelinated axon membrane (7, 8, 41) . The present findings suggest that, in some small-diameter fibers, even low densities of sodium channels can support the conduction of action potentials. In this regard, it is interesting to recall that central myelinated fibers can exhibit diameters as small as 0.2 ,m (42, 43) . The mean axonal diameter of myelinated fibers in adult rat optic nerve is 0.77 ,m (13) . Pathological studies show that the axonal diameter is often reduced in demyelinated regions (44) . In addition to facilitating'conduction by overcoming the impedance mismatch that occurs in demyelinated regions (45) (46) (47) , this reduction in diameter may increase the input resistance of the demyelinated axon so that even a small number of sodium channels can support the conduction of action potentials. Moreover, it is possible that, following demyelination, axonal diameter is reduced without a toss of sodium channels from the demyelinated axon region. Since the available evidence suggests that some sodium channels may be present in the internodal axon membrane (4, 5, 48, 49) , it is possible that relatively small (<0.5 ,um) reductions in diameter may mediate restoration of conduction in some demyelinated fibers without imposing the need for additional sodium channel incorporation into the axon membrane.
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